Background: Pathological complete response ( pCR) following chemotherapy is strongly associated with both breast cancer subtype and long-term survival. Within a phase III neoadjuvant chemotherapy trial, we sought to determine whether the prognostic implications of pCR, TP53 status and treatment arm (taxane versus non-taxane) differed between intrinsic subtypes.
introduction
A proportion of breast cancer patients continue to be diagnosed with large tumours, and despite treatment with neoadjuvant chemotherapy, have a high rate of relapse as shown in several recently published trials including the EORTC 10994/BIG 1-00 trial [1] . There is growing recognition of the importance of pathological complete response ( pCR) following chemotherapy, particularly as a surrogate for survival outcomes, and the US food and drug administration (FDA) is investigating whether pCR rates could be used to guide drug registration [2] .
However, any analysis needs to consider breast cancer heterogeneity using for example the intrinsic subtype classification [3, 4] . The association between pCR and excellent prognosis has only been demonstrated for some subtypes such as triple negative (TN) [5] [6] [7] and human epidermal growth factor 2 receptor (HER2)-positive [7, 8] , although with conflicting results [6] .
Within the context of the EORTC 10994/BIG 1-00 randomized neoadjuvant study, we sought evidence as to whether the prognostic implications of pCR differed between intrinsic subtypes, after adjusting for other important prognostic factors. Additionally, we evaluated the impact of treatment arm (taxane versus non-taxane), and TP53 status on survival outcomes among the different molecular subtypes. To address these questions, we carried out a landmark [9, 10] and a two-step approach multivariate analyses.
methods study design, eligibility and treatment
This was a planned secondary analysis of the EORTC 10994/BIG 1-00 trial which randomized patients between six cycles of 5-fluorouracil, epirubicin and cyclophosphamide and a taxane-based regimen, docetaxel × three cycles followed by epirubicin + docetaxel for three cycles, all given before primary surgery [1] . Eligible patients were women aged <71 years with histologically proven invasive carcinoma of the breast suitable for neoadjuvant chemotherapy, with any large operable or locally advanced/inflammatory breast cancer. Patients with HER2-positive tumours were allowed to enter adjuvant clinical trials assessing trastuzumab or to receive this treatment in the adjuvant setting once it became standard practice, and none received neoadjuvant trastuzumab.
The trial was approved by national and/or local ethics committees in all participating centres. Before registration, all patients gave signed informed consent for the clinical trial and for research on tumour samples.
For the sub-study that is the subject of this report, a subgroup of the initial population of 1856 was selected based on the following criteria: (i) patients with sufficient information available on HER2, ER, PR ( progesterone receptor) and tumour grade to permit a simplified intrinsic subtype classification as defined below; (ii) patients who received at least one cycle of neoadjuvant chemotherapy and who did not receive radiotherapy before surgery; (iii) patients without inflammatory cancers (T4d). The analysis including pathological response was further confined to patients with posttreatment pathology data and whose tumours did not progress on neoadjuvant chemotherapy.
objectives
The primary objective of this analysis was to assess the effect of pCR on event-free survival (EFS) by breast cancer intrinsic subtype (the simplified intrinsic subtypes classification used in this study is detailed in the pathology section below), in a two-step multivariate analysis adjusting for important factors prognostic for EFS, as listed in the statistical section.
Secondary objectives included investigating (i) the effect of TP53 function on pCR and survival outcomes within each subtype and (ii) the effect of treatment on survival outcomes across subtypes.
pathology assessment
No central pathology review was carried out for this analysis. Grade, ER, PR and HER2 status were assessed by local pathologists from a biopsy taken at diagnosis and prospectively collected in the case report form. ER and PR, assessed by immunohistochemistry (IHC), were reported as positive or negative according to each centre's local definition. HER2 positivity was defined as either HER2 gene amplification by fluorescent in situ hybridization and/ or scored 3+ by IHC. Because information on Ki-67 was not available from data collected within the main TP53 study, we replaced Ki-67 by grade in order to classify tumours in a simplified intrinsic subtype's classification, as suggested by the St Gallen 2011 consensus [11] . We used the following classification:
• Luminal A-like: ER and/or PR positive, HER2 negative and grade 1 or 2.
• Luminal B-like (HER2 negative): ER and/or PR positive, HER2 negative and grade 3.
• Luminal B-like (HER2 positive): ER and/or PR positive, HER2 positive (IHC3+ or amplified) and any grade (or grade unknown).
• HER2 positive (non-luminal): ER and PR negative, HER2 positive (IHC3+ or amplified) and any grade (or grade unknown).
• TN: ER and PR negative, HER2 negative and any grade (or grade unknown).
Pathological response was assessed by local pathologists after completion of the neoadjuvant chemotherapy. pCR was defined as no evidence of residual 'invasive cancer' or very few scattered tumour cells left in the primary breast tumour-with or without residual ductal carcinoma in situ (DCIS)-and in the lymph nodes. TP53 status was assessed using a functional test in yeast as previously described [1] .
statistical analysis
A statistical analysis plan was prospectively defined. Eligible patients were analysed on an intent-to-treat basis. Associations between baseline characteristics and pCR were evaluated in a multivariate logistic regression model. Survival times were defined as time from randomization to an event.
In order to investigate the prognostic value of pCR on outcomes, a landmark analysis approach was used [9, 10] , with the landmark chosen as the date of surgery. Of note, by definition, patients who progressed on neoadjuvant treatment were excluded from this analysis. To address our research question, the following two-step approach was adopted after adjusting for important prognostic factors (supplementary Figure S1 , available at Annals of Oncology online): as a first-step, the potential effects of the three interactions ( pCR and intrinsic subtypes; TP53 status and intrinsic subtypes; treatment arm and intrinsic subtypes) were simultaneously investigated in a multivariate Cox regression model, adjusting for age at diagnosis, menopausal status, cT stage, cN stage and tumour histology (invasive ductal, invasive lobular or other invasive carcinoma). Interactions with a P value of ≤0.1 were considered significant. When a significant interaction was observed, the HRs [99% confidence intervals (CI)] within the different subtypes were reported. If not, as a second-step, the multivariate model was refitted without interaction(s) and an overall (i.e. over all intrinsic subtypes) HR (99% CI) was reported. All non-interactions tests were compared with a significance level α = 0.01. Figure S2 , available at Annals of Oncology online). The characteristics of patients included in this substudy and those who were excluded were similar (supplementary Table S1 , available at Annals of Oncology online). The median follow-up was 56 months from randomization and 51 months from date of surgery. The subtypes repartition is given on supplementary Table S2 , available at Annals of Oncology online. Among patients with HER-positive tumours, 120 of 365 (33%) received adjuvant trastuzumab and none received neoadjuvant trastuzumab.
pathological responses by intrinsic subtypes and TP53 status
A pCR was observed in 222 of 1212 (18%) assessable patients (Table 1) . pCR rates differed significantly (P < 0.001) across intrinsic subtypes, with the lowest rate for luminal A-like (7.5%) and the highest rate for HER2+/non-luminal (36%). A multivariate logistic regression analysis was carried out to assess whether these differences persist when adjusting for other known predictive factors for pCR. First, the effect of two interactions (TP53 and intrinsic subtypes; treatment assigned and intrinsic subtypes) on pCR rate was examined, but neither were significant. Next, the effect of TP53 and treatment assigned were tested, and both were non-significant. Only intrinsic subtype (P < 0.001) and cT stage (P < 0.001) were found to be independent predictors for pCR (supplementary Table S3 , available at Annals of Oncology online).
survival outcome measures (EFS, DMFS and OS) by intrinsic subtype
Supplementary Figure S3 , available at Annals of Oncology online shows a significant difference in the survival end points according to subtype [P < 0.001 for EFS, distant metastasis-free survival (DMFS) and overall survival (OS)]. Patients in the luminal A-like group had the best outcome across all three survival measures [12] despite experiencing the lowest pCR rates (Table 1) . Events contributing to EFS are detailed in supplementary Table S5 , available at Annals of Oncology online.
effect of pCR, TP53 and treatment on EFS across intrinsic subtypes (landmark analysis) EFS curves ( Figure 1 ) and univariate analysis (Figures 2 and 3) . There was no evidence of an interaction between subtype and the prognostic influence of pCR (P = 0.95) (Figure 2 ). Overall, regardless of subtype, pCR was prognostic for EFS ( Figure 2) . Furthermore, in the univariate Cox regression models, pCR predicts for a better EFS in the luminal B/HER2-positive, HER2-positive/non-luminal and TN breast cancer patients. Although a similar trend is seen for the other two subtypes, the effect is neither statistically significant on its own nor significantly different from the other subtypes ( Figure 2) . Figure 3 , limited to those patients with assessable TP53 status, shows that, within the subtypes, there is no evidence of an interaction between TP53 status and pCR (P ranging between 0.51 for HER2 positive/non-luminal and 0.95 for Luminal B/HER2 positive and TN). Although in all subgroups, pCR seems to be associated with better EFS, this association is significant only in HER2 positive/non-luminal with TP53 wild type and TN with p53 mutated.
two-step multivariate analysis. First, we tested the effect of the three interactions ( pCR and intrinsic subtypes, TP53 and intrinsic subtypes and treatment assigned and intrinsic subtypes) on EFS. Only the interaction between TP53 and intrinsic subtypes was of borderline statistical significance (P = 0.1), with the two other P values being 0.835 and 0.926, respectively, indicating that pCR and treatment do not interact differently with EFS according to subtype. The multivariate model was thus refitted without the non-significant interactions. Table 2 shows the results of this model, with subtype-specific HRs for TP53 and overall HRs for pCR and treatment on EFS. Both pCR and treatment contribute significantly to the overall prediction of EFS [HR = 0.40, P < 0.001 in favour of pCR, and HR = 0.73, P = 0.004 in favour of three cycles of docetaxel then three cycles of eprirubicin/docetaxel (T-ET)]. This analysis within a randomized phase III study confirms superior outcomes for those patients whose tumours achieve pCR in multivariate analysis, with impressive HRs in favour of patients achieving pCR (0.40, 0.32 and 0.32 for EFS, DMFS and OS, respectively) ( Table 2, supplementary Tables S6 and S7 , available at Annals of Oncology online). Two important methodological approaches were used to avoid two potential biases. First, we assessed the predictive value of pCR in a multivariate model after adjusting for other well-known EFS prognostic factors [7, 8, 13] . Other studies have shown that tumours with a better prognosis (e.g. smaller tumours) have a higher pCR rate.
The aim of our two-step approach multivariate analysis was to correct for any such bias introduced by the different subtypes. Second, we used a landmark approach when correlating pCR with clinical end points, to avoid a bias known as guaranteetime bias (GTB) [9, 10, 14] . Our concern in assessing survival outcomes following pCR was to avoid a bias in favour of the group of patients achieving pCR: this potential bias is known as GTB and occurs when an analysis compares the survival of two groups that are defined by an event occurring after the start of the follow-up period. In oncology, GTB is very well recognized in the metastatic setting where the classic classifying event is objective response [9, 10] , but a recently published paper has highlighted the importance of GTB in other settings including the [14] . In our study, we used a landmark analysis which is a widely recommended approach to avoid GTB [9, 10, 14] . The findings we report within the context of a single study have been confirmed in the recent FDA meta-analysis of 13 864 patients treated in prospective neoadjuvant chemotherapy trials [7] .
There is an increased recognition of the need to consider breast cancer as a collection of biologically different subtypes. The results of the two-step multivariate analysis suggest a prognostic impact of pCR on EFS across all subtypes even when adjusting for subtypes. Our study has limitations. No central pathology review of post-chemotherapy histology reports was carried out. Such an analysis was conducted recently in the context of a large multicentric trial and reported a 5% rate of misclassification involving pCR versus minimal residual disease [15] . Notwithstanding these reassuring results, this analysis highlights the need for consensus guidelines in the context of prospective trials. No central review for grade, ER, PR and HER2 was carried out. In addition, we could not use expression arrays to distinguish between luminal A and B tumours, and used the simplified classification instead, as suggested by the St Gallen 2011 consensus [11] . Reassuringly, the pCR rates observed in the different intrinsic subtypes in our series, including luminal A-like and B-like, were very similar to those reported in a large German series or in the recent meta-analysis where the same pCR definition was used [6, 7] . As with the German series and FDA meta-analysis, we did not find firm evidence that pCR was univariately predictive of better outcomes in luminal A-like tumours, though equally there was no evidence that pCR had different prognostic effects between subtypes as shown by the two-step multivariate analysis [6, 7] . We have collected centrally the luminal A-like tumours and we are in the process of analysing them at a molecular level, but we suggest that the data are consistent with pCR being predictive irrespective of subtype.
Patients with pCR had excellent prognosis, particularly for TN or luminal B/HER2-negative subgroups, and a correspondingly poor prognosis for these subgroups when pCR was not achieved. Given that all luminal B-like cases subsequently received 5 years standard endocrine treatment, it is clear from our data that a poor response to chemotherapy in this group was still clinically relevant despite subsequent endocrine therapy. Similar differences were observed in those patients with HER2-positive tumours who went on to get post-surgical Figure 2 . Effect of pCR on EFS by intrinsic subtype: univariate Cox regression models (N = 1212 eligible and assessable patients). pCR, pathological complete response; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; HER2, human epidermal growth factor 2; df, degrees of freedom. prognostic difference whether DCIS remains present or absent in the absence of residual invasive cancer [7] . Given the known relationship between TP53 mutations and ER status, the effect of TP53 function on pCR and survival outcomes was assessed within each subtype [1] . In the univariate Cox regression model, pCR predicts for a better EFS in all subtypes irrespective of TP53 status (Figure 3) . Furthermore, in the multivariate Cox regression model, in all subtypes except for HER2-positive/non-luminal, patients with TP53-mutated tumours had worse outcomes. The opposite result for HER2-positive/nonluminal disease is probably a chance finding: this interaction effect approaches significance only for EFS (P = 0.1) ( Table 2) , this subtype has the smallest number of patients and, among those patients not receiving adjuvant trastuzumab, disproportionately more patients with wild-type TP53 relapsed 16 of 22 (72%), compared with those with mutant TP53 10 of 32 (31%).
In conclusion, this analysis of over 1200 cases within the EORTC 10994/BIG 1-00 randomized phase III trial suggests Note that while subtype and TP53 were included as main effects in the model, we have not reported HR effects as these are difficult to interpret in the presence of a significant interaction between these terms. a See supplementary Figure S1 , available at Annals of Oncology online. b Significance level α = 0.1 for interaction tests; α = 0.01 for main effects. that patients who achieve a pCR following six cycles of contemporary chemotherapy have significantly better outcomes, irrespective of their intrinsic subtype and TP53 status. In contrast, when chemotherapy does not induce a pCR, which is the case for the majority of patients, outcomes are poorer. This observation across all subgroups justifies the current interest in the development of post-neoadjuvant trials, even in subgroups where effective targeted therapies exist.
